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An  experimental  investigation  of  a  cascade  injector  was  completed.  The  objective  of  this 
investigation  was  to  determine  whether  the  number  of  active  stages  in  the  cascade  injector 
could  be  used  to  control  penetration  and  mixing  characteristics.  The  injector  was  tested  at 
two  overexpanded  injection  conditions  in  a  Mach  3  crossflow.  Shadowgraph  and  schlieren 
imaging,  Mie  scattering,  Planar  Laser  Induced  Fluorescence,  and  pressure  profiling  were 
the  diagnostic  techniques  used  to  reveal  various  features  of  the  injectant  plume  and  its 
interaction  with  the  supersonic  crossflow.  Results  suggest  that  penetration  can  be  controlled 
by  the  number  of  active  stages  in  the  cascade  injector.  Additional  analysis  and  experiments 
are  planned  to  better  quantify  the  effects  of  injector  stages  revealed  in  this  initial  work. 


I.  Introduction 

One  of  the  main  factors  governing  combustion  efficiency  in  a  supersonic  flowpath  is  the  design  of  the  fuel 
injection  system.  High  flow  velocities  in  the  combustor  result  in  very  short  residence  times,  thereby  requiring 
mixing  and  combustion  processes  to  occur  rapidly.  In  a  supersonic  combustion  ramjet  (scramjet)  the  engine  is 
operated  at  high  equivalence  ratios  and  with  the  minimum  number  of  fuel  injection  sites  practical.  Each  injector  is 
designed  to  optimize  between  effective  penetration  into  the  high  speed  flow,  and  rapid  mixing  with  the  air.  As  a 
result,  a  variety  of  fuel  injection  techniques  have  been  studied. 

In  the  late  1960’s,  the  structure  of  supersonic  jets  in  relation  to  fuel  injection  to  a  scramjet  began.1"4  In  the 
1970’s  and  1980’s  research  in  this  area  expanded  to  include  work  investigating  mixing  and  combustion  of  these 
flows.5,6  Studies  of  structure,  penetration,  and  mixing  of  supersonic  jets  have  continued  to  the  present.7'11  Work 
involving  staged  injection  concepts  began  in  the  late  1 980 ’s. 12-14  While  much  progress  has  been  made,  the  behavior 
of  this  flowfield  remains  an  active  area  of  research  today. 

One  current  injection  technique  is  the  cascade  injector  developed  by  the  Aerojet  General  Corporation.15,16 
This  injector  is  a  flush-mounted  array  of  fourteen  supersonic  injectors,  divided  into  four  axial  stages;  each  is 
supplied  by  a  dedicated  fuel  manifold.  The  individual  injector  ports  are  aligned  with  the  engine  flow  axis.  Previous 
experimental  studies  indicated  that  this  injector  has  excellent  penetration  characteristics.15,16  However,  in  the 
relatively  small  test  section  used  for  this  study,  over-penetration  and  spanwise  interactions  between  injection  ports 
were  observed.  These  features  could  limit  the  effectiveness  of  the  cascade  injector  as  initially  designed. 
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Independent  stage  control  has  been  suggested  as  one  method  to  improve  the  effectiveness  of  the  Aerojet 
cascade  injector.16  By  examining  combinations  of  active  stages  while  maintaining  a  constant  injection  pressure 
condition  (i.e.,  constant  mass  flow  rate  through  each  stage),  the  effects  on  penetration  and  mixing  may  be  observed. 
This  topic  is  the  subject  of  the  current  work.  Shadowgraph  and  schlieren  imaging,  Mie  scattering,  Nitrogen  Oxide- 
Planar  Laser  Induced  Fluorescence  (NO-PLIF),  and  pressure  profiling  were  the  diagnostic  techniques  used  to  reveal 
various  features  of  the  injectant  plume  and  its  interaction  with  the  supersonic  crossflow. 

II.  Experimental  Facility  and  Instrumentation 

The  AFRL/PRAS  Research  Cell  19  facility  (RC19)  is  a  modular  test  facility  used  for  studies  of  fuel 
injection,  inlet-combustor  interactions,  and  flameholding  in  supersonic  flows.  A  full  description  of  the  facility  and 
its  capabilities  are  found  in  Reference  17.  A  picture  and  schematic  of  RC19  appear  as  Figs,  la  and  lb,  respectively. 
For  the  present  experiments,  the  nozzle  block  assembly  provides  a  nominal  facility  Mach  number  of  M  =  3.  The  test 
section  is  2.0  inches  high  by  6.0  inches  wide.  The  bottom  wall,  where  the  injector  is  mounted,  has  a  2.5  degree 
divergence.  Fused  silica  windows  mounted  in  the  other  three  walls  provide  optical  access  to  the  test  section.  The 
laboratory  contains  a  state-of-the-art  pressure  scanning  system,  and  probe-based  instrumentation.  The  facility  is  also 
equipped  to  perform  instantaneous  and  time-averaged  flow  visualization  techniques  as  well  as  laser-based  diagnostic 
techniques. 

Fuel  Injection  Hardware 

The  cascade  injector  block  used  in  this  study  was  originally  designed  to  be  strut-mounted  with  injection 
ports  on  both  sides.  The  injection  block  was  modified  for  testing  in  RC19,  and  is  shown  in  Fig.  2. 15,16  Although 
three  injectors  are  shown  in  Fig.  2,  only  the  center  injector  is  used  in  the  current  study.  The  center  injector  is  a 
single  cascade  composed  of  fourteen  injection  ports  that  are  grouped  into  four  axial  stages.  Each  stage  is 
independently  supplied  with  fuel;  the  fuel  supplied  to  each  stage  can  be  turned  on  and  off  with  a  ball  valve. 

Stagnation  temperature  is  measured  in  the  fuel  manifold  prior  to  the  injection  block.  Stagnation  pressure  is 
also  measured  for  each  stage  to  allow  preservation  of  a  constant  injection  pressure  and  mass  flow  rate  condition. 
The  nominal  injection  pressures  used  for  these  experiments  were  144  psia  and  250  psia,  which  correspond  to 
overexpanded  injection  conditions.  The  lower  pressure  condition  was  selected  so  that  the  baseline  condition,  where 
all  four  stages  are  active,  could  be  compared  with  previous  experimental  results.16  The  higher  pressure  condition 
was  selected  based  on  the  upper  limit  of  RC19  at  the  time  of  the  experiments  (NO  supply  pressure  limitation). 

NO-PLIF  Diagnostic 

To  excite  NO  molecules,  a  laser  system  generated  radiation  at  226  nm,  to  tune  to  the  Ri(8.5)  transition  of 
the  A2Z+  (v'  =  0)  <—  X2ni  (v"  =  0)  band.  A  frequency-doubled,  injection- seeded  Nd:YAG  pumped  a  Lumonics 
Hyperdye  (HD- 3 00)  dye  laser.  The  output  of  the  Hyperdye  (574  nm)  was  frequency  doubled,  using  an  Inrad 
Autotraker,  and  the  doubled  radiation  was  then  frequency  mixed  with  the  residual  infra-red  beam  from  the  Nd:YAG, 
within  a  second  Autotraker,  to  produce  laser  radiation  at  226  nm.  The  3-mJ/pulse  226-nm  beam  was  then  directed  to 
an  optical  table  located  beneath  the  wind  tunnel  test  section;  this  table  is  placed  on  a  three-dimensional  traversing 
system.  The  laser  beam  path  was  parallel  to  the  tunnel’s  axial  coordinate,  so  that  the  laser  sheet  could  be  accurately 
placed  at  the  desired  axial  position. 

To  form  a  sheet,  a  two-lens  telescope  was  used:  a  negative  cylindrical  lens  (-50  mm  focal  length)  followed 
by  a  positive  spherical  lens  (1  m  focal  length),  as  shown  in  Fig.  3.  The  minimum  sheet  thickness  occurred  within  the 
tunnel,  and  the  sheet  height,  at  about  75  mm,  was  nearly  constant.  The  sheet  normal  was  rotated  2.5  degrees  to  be 
parallel  to  the  tunnel  bottom  wall.  Fluorescence  was  imaged  using  a  Princeton  Instruments  “Superblue”  PIMAX 
intensified  CCD  (charge-coupled  device)  camera,  which  was  fitted  with  a  fast  Cerco  45-mm,  f/1.8  lens.  A  Schott 
glass  UG-5  filter  was  used  to  block  scattering  at  226  nm — and  fluorescence  from  the  (0,0)  band — and  pass 
fluorescence  from  the  A-X  (0,1),  (0,2),  (0,3),  ...  bands.  For  the  “end-view”  imaging  of  the  plume,  the  laser  probe 
region  was  not  normal  to  the  camera  axis.  Thus,  to  mitigate  image  blur,  a  schiempflug  mount  was  used.  Camera 
pixels  were  binned  2  by  2,  to  improve  signal  strength,  resulting  in  an  effective  array  size  of  256  by  256  pixels. 

The  NO  concentration  within  the  bottle  was  at  1%  (or  10,000  parts  per  million,  PPM)  in  N2.  Before 
injection  into  the  tunnel,  the  NO-laden  N2  was  diluted  with  air  such  that  the  NO/N2  mole  fraction  within  the  injectant 
was  about  2%.  Thus,  the  NO  concentration  in  the  jet  as  it  entered  the  tunnel  was  about  200  PPM,  an  amount 
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sufficient  for  strong  fluorescence  signals.  To  ensure  proper  operation  of  the  laser  system  during  the  test,  the  beam 
energy  and  wavelength  were  continuously  monitored.  A  small  portion  of  the  226-nm  beam  was  split  off  and 
directed  over  a  small  CH4-air  burner  (to  generate  NO) — with  fluorescence  measured  with  a  photomultiplier  tube — 
and  then  to  a  fast  photodiode.  An  oscilloscope  displayed  both  signals,  and  the  laser  was  adjusted  to  keep  the  signals 
constant  throughout  the  test. 


Data  Collection  and  Analyses 

The  test  matrix,  shown  in  Table  1,  consisted  of  11  stage  combinations  and  two  nominal  injection  pressure 
conditions.  NO-PLIF  was  used  to  examine  penetration  in  the  cross-flow  plane.  At  each  injection  condition,  the 
laser  sheet  was  transmitted  perpendicular  to  the  injection  plate  at  seven  axial  locations:  x  =  -0.5,  0.0,  0.5,  1.0,  1.5, 
2.0,  and  2.5  inches  relative  to  the  middle  of  the  14th  injection  port  of  the  cascade.  An  ensemble  of  200  end-view 
NO-PLIF  images  was  collected  at  each  location  and  injection  condition.  Background  images  with  no  injection  were 
also  taken  at  each  location.  The  field  of  view  for  these  images  was  1.75  inches  high  by  3.5  inches  wide.  For 
viewing  the  profile  of  the  injector  plume,  the  laser  sheet  was  transmitted  thru  the  top  window  at  the  spanwise 
centerline  of  the  injector.  The  field  of  view  for  these  images  was  2.5  inches  high  by  3.0  inches  long.  Again,  200- 
image  ensembles  were  obtained  along  with  background  images. 

For  the  results  reported  in  this  paper,  the  raw  end  view  images  were  processed  in  several  steps.  First,  each 
image  in  the  ensemble  was  corrected  for  perspective  distortion  using  an  image  of  a  dot  card  with  known  spacing 
between  the  dots.  Plume  images  were  normalized  by  recording  NO  PLIF  images  with  the  tunnel  uniformly  seeded 
with  NO  (with  no  flow  in  the  tunnel).  Each  image  was  then  divided  by  this  reference  image,  removing  the  effects  of 
laser  sheet  intensity  distribution,  collection  efficiency,  and  camera  fixed  pattern  noise.  The  background  image  was 
subtracted  from  each  plume  image,  then  the  images  were  averaged  and  the  standard  deviation  was  determined.  Each 
average  image  was  normalized  by  the  maximum  NO  signal.  Penetration  distance  and  the  maximum  injection  plume 
width  were  identified  for  each  case.  For  this  study,  the  penetration  distance  was  defined  to  be  the  maximum  vertical 
position  having  at  least  10%  of  the  maximum  signal.  Maximum  injection  width  was  the  largest  difference  between 
the  first  and  last  occurrence  of  10%  of  the  maximum  signal  at  a  given  transverse  position  in  the  jet  plume. 


A  per  unit  mass  comparison  was  completed  to  determine  the  effects  of  each  stage  on  penetration  distance. 
An  influence  coefficient  (IC)  representing  the  sensitivity  of  penetration  distance  to  mass  flow  for  each  case  was 
defined  in  the  following  manner: 


IC  = 


*y/y 

Am/m 


(1) 


where  y  is  the  penetration  distance  of  the  baseline  case,  Ay  is  the  difference  in  penetration  distances  between  the 
baseline  case  and  the  particular  case  of  interest,  m  is  the  mass  flow  rate  of  the  baseline  case,  and  Am  is  the 
difference  in  mass  flow  between  the  baseline  case  and  the  case  of  interest.  Note  that  mass  flow  is  defined: 

m,  =  puYJi(A*Cd)i 

where  i  represents  the  stage  number.  Note  that  the  quantity  (pu)  is  the  same  for  each  case  and  cancels  out  in  the 
division  of  Am  and  m  . 


III.  Results  and  Discussion 


Injectant  Plume  Structure 

In  Figure  4a,  the  axial  development  of  the  instantaneous  injection  plume  for  Case  1  is  shown  for  a  nominal 
injection  pressure  of  144  psia.  In  these  images,  dark  regions  correspond  to  freestream  fluid  (i.e.,  fluid  with  no  nitric 
oxide).  Bright  regions,  on  the  other  hand,  are  indicative  of  fluid  with  nitric  oxide  at  some  detectable  concentration. 
The  plume  emerges  as  a  thin  initial  jet  that  spreads  and  lifts  away  from  the  wall  as  it  moves  downstream  from  the 
injector.  The  penetration  of  the  plume  increases  slowly  until  reaching  a  relatively  constant  penetration  distance  near 
the  x  =  1.0  inch  position.  The  width  of  the  injection  plume  remains  relatively  constant  as  the  downstream  axial 
position  increases.  As  shown  in  the  raw  (unprocessed)  side-view  NO  PLIF  image  in  Figure  4b,  a  structure  of 
vortices  following  the  bow  shock  develops  into  a  turbulent  shear  layer  at  a  constant  height.  Standard  deviation 
images  are  shown  in  Figure  4c.  In  these  images,  light  regions  correspond  to  high  levels  of  standard  deviation. 
These  regions  can  be  considered  to  be  where  large-scale  mixing  between  the  jet  and  crossflow  fluids  is  taking  place. 
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Dark  regions  indicate  low  levels  of  standard  deviation.  These  images  indicate  relatively  high  levels  of  unsteadiness 
at  the  interface  between  the  injectant  and  air  in  the  crossflow.  Ensemble-averaged  images  are  shown  in  Figure  4d. 
In  these  images,  the  plume  begins  as  a  2-dimensional  conical  structure  that  spreads  into  an  oval  as  it  lifts  away  from 
the  wall  and  moves  downstream;  behavior  that  is  consistent  with  that  shown  in  Figure  4a. 

Similar  plume  behavior  is  seen  in  Figures  5a  and  5b,  which  show  the  effects  of  increased  injection  pressure 
on  Case  1.  In  Figure  5a,  the  instantaneous  injection  plume  is  shown.  Figure  5b  shows  ensemble-averaged  images. 
The  plume  structure  and  development  in  both  figures  is  similar  to  those  in  Figures  4a  and  4d.  However,  in  this  case, 
the  plume  shape  begins  as  a  cylinder  and  develops  into  a  2-dimensional  conical  structure  as  axial  position  increases 
and  the  plume  appears  to  lift  farther  from  the  wall.  Penetration  distance  is  observed  to  increase  significantly  as  a 
result  of  the  increased  injection  pressure,  but  the  maximum  injection  plume  width  is  not  as  significantly  affected  by 
this  increase. 

Plume  Penetration  and  Spreading 

Case  1,  with  4  active  injection  stages,  was  used  as  a  baseline  for  comparing  the  effects  of  active  injection 
stages  on  the  penetration  and  spreading  of  the  plume.  Raw  and  ensemble-averaged  images  for  Case  1  were 
discussed  above  for  two  injection  pressure  conditions  (Figs.  4a  and  4d  for  144  psia  and  Figs.  5a  and  5b  for  250  psia). 
In  both  cases,  the  penetration  distance  increased  to  a  relatively  constant  value  near  the  x  =  1.0  inch  position  and 
maximum  plume  width  was  observed  to  continually  increase  with  increasing  downstream  position.  Note  that 
penetration  and  plume  spread  increased  in  response  to  higher  injection  pressure.  Figures  6  and  7,  respectively,  show 
the  penetration  profiles  and  maximum  plume  width  resulting  from  the  analysis  of  the  processed  images  shown  in 
Figs.  4d  and  5b.  These  profiles  will  be  referred  to  as  baseline  cases  in  subsequent  figures.  In  Figure  6,  an  initially 
rapid  growth  rate  slowed  as  downstream  position  increased  for  both  injection  conditions.  Penetration  distance  was 
observed  to  be  approximately  1.0  inch  for  the  lower  injection  pressure  case,  and  1.5  inches  for  the  case  with  higher 
injection  pressure.  This  behavior  is  consistent  with  previous  experimental  results.16  Figure  7  shows  plume  width  to 
continually  increase  with  increasing  downstream  position,  ending  at  0.73  inches  for  the  lower  injection  pressure  case 
and  0.79  inches  for  the  case  with  higher  injection  pressure. 

Figure  8  presents  a  comparison  of  the  cases  with  three  active  stages  with  an  injection  pressure  of  144  psia. 
The  maximum  penetration  distance  of  y  =  0.94  inches  occurred  for  Case  4.  The  minimum  penetration  of  y  =  0.83 
inches  occurred  in  Case  2.  Case  3  had  a  final  penetration  distance  of  y  =  0.90  inches,  which  was  slightly  greater 
than  the  final  penetration  distance  of  y  =  0.85  inches  for  Case  5.  The  penetration  distance  in  Figure  8  appears  to  be 
most  significantly  affected  by  stages  1  and  4.  The  first  stage  of  the  cascade  is  important  because  it  “shields”  the 
downstream  stages  by  absorbing  the  initial  force  of  the  crossflow.  This  shield  sets  up  a  shock  structure,  which 
enables  downstream  stages  to  penetrate  farther  into  the  crossflow.  The  importance  of  stage  4  is  demonstrated  by  the 
observed  increase  in  penetration  distance  between  Case  2  and  Case  5. 

The  penetration  distance  hierarchy  observed  in  Fig.  8  is  more  easily  seen  in  Fig.  9  where  the  cases  with 
three  active  injection  stages  at  the  higher  nominal  injection  pressure  are  plotted.  The  cases,  ranked  in  order  of 
maximum  to  minimum  penetration  distance  are:  Case  4,  Case  3,  Case  5,  and  Case  2.  This  ranking  appears  to 
indicate  that  stage  1  has  a  slightly  higher  impact  on  penetration  than  stage  4;  Case  2  penetrates  slightly  farther  than 
Case  5  at  the  higher  injection  pressure  condition.  The  significantly  higher  penetration  distance  of  Case  4  compared 
with  Case  5  in  this  figure  effectively  shows  the  importance  of  stage  1 . 

In  Fig.  10,  the  cases  having  two  active  stages  and  an  injection  pressure  of  144  psia  are  compared.  The 
cases,  ranked  in  order  from  maximum  to  minimum  penetration  distance  were:  Case  8,  Case  10,  Case  11,  Case  9, 
Case  6,  and  Case  7.  The  maximum  final  penetration  distance  for  these  cases  was  y  =  0.75  inches,  observed  in  Case 
8.  The  minimum  final  penetration  distance  of  y  =  0.66  inches  occurred  in  Case  9.  Again,  the  penetration  distances 
illustrate  the  importance  of  stages  1  and  4. 

Although  Figs.  8  through  10  indicate  that  stage  4  has  a  notable  impact  on  penetration  distance,  Tables  2  and 
3  indicate  that  this  stage  does  not  have  a  significant  effect  on  the  penetration  distance  on  a  per  mass  basis.  For  the 
cases  with  three  active  stages  at  an  injection  pressure  of  144  psia  (Table  2),  the  stages  that  had  an  effect  on 
penetration  distance  per  unit  mass  in  order  from  maximum  to  minimum  effect  were:  stage  1,  stage  2,  stage  3,  and 
stage  4.  The  stages  that  had  an  effect  on  penetration  distance  per  unit  mass  at  an  injection  pressure  of  250  psia  in 
order  from  greatest  to  least  effect  were:  stage  1,  stage  2,  stage  4,  and  stage  3.  Note  that  the  influence  coefficients  of 
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stages  3  and  4  in  Table  2  are  very  close  in  value.  This  similarity  is  expected  because  stages  3  and  4  have 
comparable  mass  flow  rates.  The  cases  having  2  active  stages  and  an  injection  pressure  of  144  psia,  ranked  from 
maximum  to  minimum  effect  on  penetration  distance  per  mass  as  indicated  by  the  influence  coefficients  in  Table  3 
are:  Case  11,  Case  10,  Case  8,  Case  7,  Case  9,  and  Case  6.  This  ranking  indicates  that  the  combination  of  stages 
having  the  most  effect  on  penetration  distance  per  unit  mass  was  stages  1  and  2.  The  combination  of  stages  having 
the  least  effect  on  penetration  distance  per  unit  mass  was  stages  3  and  4.  This  ranking  is  consistent  with  the  effects 
shown  in  Table  2.  The  influence  coefficients  shown  in  Tables  2  and  3  suggest  that  the  aerodynamic  characteristics 
of  stages  1  and  2  are  very  important  when  considering  the  penetration  of  this  injector  design.  That  is,  despite  having 
the  smallest  mass  flow  rates,  stages  1  and  2  appear  to  have  the  most  pronounced  impact  on  penetration  distance. 

The  maximum  injectant  plume  width  as  a  function  of  axial  location  for  all  cases,  are  shown  in  Figs.  11 
through  13.  Figure  11  is  the  plume  width  data  for  cases  having  three  active  stages  at  an  injection  pressure  of  144 
psia.  Figure  12  presents  the  plume  width  data  for  the  cases  having  three  active  stages  and  an  injection  pressure  of 
250  psia.  In  Fig.  13  the  plume  width  data  for  cases  having  2  active  stages  at  an  injection  pressure  of  144  psia  is 
shown.  In  all  cases,  the  maximum  injectant  plume  width  increases  as  axial  location  progresses  downstream;  a  trend 
which  is  attributed  to  mixing. 

The  height  of  the  maximum  injectant  plume  width  was  also  plotted  as  a  function  of  axial  location  for  all 
cases.  Figure  14  presents  the  data  for  cases  having  three  active  stages  at  an  injection  pressure  of  144  psia.  Figure  15 
displays  data  for  cases  having  three  active  stages  at  an  injection  pressure  of  250  psia.  In  Fig.  16,  the  data  for  cases 
having  2  active  stages  at  an  injection  pressure  of  144  psia  is  shown.  At  this  time,  no  explanation  is  offered  for  the 
oscillations  observed  in  these  cases.  Ongoing  CFD  simulations  and  analysis  of  additional  data  may  yield  an 
explanation  for  this  behavior. 


IV.  Conclusions  and  Recommendations 

Based  on  end-view  NO  PLIF  images,  the  penetration  distance  of  the  cascade  injector  was  measured  for  a 
variety  of  staging  schemes.  Preliminary  results  indicate  that  the  first  and  fourth  stages  are  critical;  when  these  stages 
are  not  active,  the  penetration  distance  decreases.  Analyses  of  the  side-view  NO  PLIF,  shadowgraph  and  schlieren 
images,  Mie  scattering  images,  and  pressure  profiling  data  gathered  during  this  investigation,  as  well  as  an  improved 
analysis  of  the  spanwise  data  are  underway.  Additionally,  an  experimental  study  employing  Raman  Scattering  on  a 
reduced  test  matrix  to  obtain  quantitative  mixing  information  is  planned.  CFD  simulations  of  various  conditions  are 
also  in  progress.  These  simulations  should  provide  additional  insights  into  the  mechanics  governing  the  penetration 
and  mixing  characteristics  of  the  cascade  injector. 
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Table  1:  Experimental  test  matrix. 


Case  # 

Active  Stages 

Nominal 

Injection  Pressure  (psia) 

1 

1,2, 3, 4 

144, 250 

2 

1,2,3 

144, 250 

3 

1,2,4 

144,  250 

4 

1,3,4 

144,  250 

5 

2,3,4 

144, 250 

6 

1,2 

144 

7 

1,3 

144 

8 

1,4 

144 

9 

2,3 

144 

10 

2,4 

144 

11 

3,4 

144 

Table  2:  IC’s  for  cases  with  3  active  stages _  Table  3:  IC’s  with  2  active  stages 


Case  # 

Influence  Coefficient 

Pini  =  144  psia 

2 

0.466 

0.570 

3 

0.511 

0.558 

4 

0.787 

0.963 

5 

1.53 

1.97 

Case  # 

taamiimii 

6 

0.499 

7 

0.619 

8 

0.688 

9 

0.611 

10 

0.766 

11 

1.19 
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F igure  1  a:  Picture  of  RC 1 9  facility 


Figure  lb:  RC19  facility  schematic 


Figure  2:  Aerojet  cascade  injector  block 
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Figure  3:  RC  19  optics  layout. 
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x  =  2.5” 

x  =  2.5” 

x  =  2.5” 

Figure  4d:  Axial  development 
of  injectant  plume  in  processed 
images  (Case  1,  Pinj  =  144  psia) 

Figure  5a:  Axial  development 
of  injectant  plume  in 
instantaneous  images 
(Case  1,  Pinj  =  250  psia) 

Figure  5b:  Axial  development 
of  injectant  plum  in  processed 
images  (Case  1,  Pinj  =  250  psia) 
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Figure  6:  Transverse  penetration  profiles  for  baseline  cases. 
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Figure  7:  Maximum  plume  width  profiles  for  baseline  cases. 
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Figure  8:  Transverse  penetration  profiles  for  cases  with  3  active  stages,  Pinj  =  144  psia 
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Figure  9:  Transverse  penetration  profiles  for  cases  with  3  active  stages,  Pinj  =  250  psia 
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Figure  10:  Transverse  penetration  profiles  for  cases  with  2  active  stages,  Pinj  =  144  psia 
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Figure  1 1 :  Maximum  injectant  plume  width  for  cases  with  3  active  stages,  Pinj  =  144  psia 
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Figure  12:  Maximum  injectant  plume  width  for  cases  with  3  active  stages,  Pinj  =  250  psia 
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Figure  13:  Maximum  injectant  plume  width  for  cases  with  2  active  stages,  Pinj  =  144  psia 
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Figure  14:  Height  of  maximum  injectant  plume  width  for  cases  with  3  active  stages,  Pinj  =144  psia 
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Figure  15:  Height  of  maximum  injectant  plume  width  for  cases  with  3  active  stages,  Pinj  =  250  psia 
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Figure  16:  Height  of  maximum  injectant  plume  width  for  cases  with  2  active  stages,  Pinj  =144  psia 
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